both protein's identification in nanoLC-nanoESI and imaging by MALDI. Using adjacent tissue sections, it is, thus, possible to correlate protein identification and molecular imaging.
These combined approaches, along with FFPE tissue analysis provides access to massive amounts of archived samples in the clinical pathology setting. 
INTRODUCTION
Since its introduction in the mid 80's [1] [2] [3] , MALDI mass spectrometry has become a powerful tool in biological research, especially in proteomics. Recently by Caprioli [4] [5] [6] and other groups [7] [8] [9] [10] [11] [12] [13] have developed MALDI techniques for direct tissue analysis and molecular imaging allowing the detection and localization of a large number of compounds directly from tissue sections in one acquisition. However, this novel MALDI application has only been successfully carried out on fresh frozen tissues, without fixation or tissue processing for conservation, except for ethanol fixation 14 or in direct analysis on invertebrates 15 . Nonetheless, a major source of tissue samples are FFPE tissues found in hospitals libraries. Even if FFPE tissues are extensively used for histological, immunohistochemical or ISH studies, such tissues have only been very few studied for obtaining molecular information either on DNA or proteins. MALDI was already used to identify SNP from DNA isolated from FFPE tissues 16 . However, for protein identification from FFPE tissues, approaches using either LC-MS/MS [17] [18] [19] or 2D gels electrophoresis were mainly reported in the literature [20] [21] [22] . These studies demonstrate that large numbers of proteins can be identified in profiling. They also shown that same proteins can be identified independently of the conservation used since identification is comparable for frozen and FFPE tissues 22 . Recent reviews summarized the advancements in proteomic of FFPE tissues 23, 24 . However, LC-MS/MS and 2D gel electrophoresis on protein extracts do not provided anatomical localization data of these peptides/proteins. Potentiality of MALDI-MS direct analysis and imaging on FFPE tissues was not investigated. Currently immunohistochemistry is the best technology for providing such information. The drawback of this approach requires a priori knowledge of the protein/peptide candidates and the production and use of specific antibodies. Simultaneous localization of several proteins/peptides in one experiment is tedious, generally providing information on two to three markers at the same time. Thus, immunohistochemistry is more amendable for biomarker validation and less so for biomarker discovery. 
MATERIAL and METHODS

Material
Tissue fixation
Adult male Wistar rats weighing 250-350g (animal welfare accreditation by the French ministry of the agriculture N° 04860) maintained under standard care were used. Five Animals were sacrificed by decapitation and immediately dissected to remove the brain.
Tissues were frozen at -80°C for good conservation. Formalin fixation was obtained according to classical procedures. Briefly, after dehydratation in successive graduated ethanol bathes, tissue was fixed with 4% formalin in Tris-HCL buffer pH 7.4 during 24 hours. Tissues were, then, embedded in paraffin using xylene and strored in box at room temperature until use 25 .
Tissue dewaxing and preparation
Tissue sections of 10µm were applied onto ITO (Indium Teen Oxided) coated conductive glass slides. Paraffin was removed by 2 baths of 5 minutes of xylene and lightly rehydrated with graded ethanol (100°, 96° and 70°) before drying at room temperature 25 .
months stored FFPE tissues.
2,4 Dinitrophenylhydrazin (2,4-DNPH) or a mix of 2,4-DNPH and HCCA was used as matrix. 20-30µL of the mix was applied onto the tissue using a micropipette and dried at room temperature.
years stored FFPE tissues.
For direct analysis, several spots of 2µL of enzyme (trypsin 0.033µg/µL in 25mM
Tris buffer pH 7.4) were performed at different spots on the tissue to obtain representative proteins/peptides profile. Enzymatic digestion was realized at room temperature after covering the tissue section to decrease liquid evaporation. Each 10 minutes, enzyme was again deposited on the same spots. After final digestion, tissue was rinsed with ethanol 80%. 30 µL of matrix was then applied on the tissue.
Functionalized Magnetic beads extraction of peptides from tissue
Extraction/purification of the sample was performed using Clinprot purification (C8/C3) system from Bruker Daltonics according to manufacturer's protocols adapted for tissue.
For a section of 2cm2, after enzymatic digestion, 15µL of binding solution was directly applied onto the tissue during 1 minute, then 15µL of magnetic bead was added on the slice.
Extraction occurred during 10 minutes. During this step, beads and enzymatic result were mixed 3 times using a micropipette directly onto the tissue. formic acid (9/1 v/v) after elution and evaporation.
For MALDI imaging, spots of enzyme (trypsin at 0.1 µg/µL in ammonium bicarbonate 25 mM filtered in a 0.45 µm Pall GxF/GHP filter) were performed using a high accurate position automatic microspotter (MALDI Sun Collect Spotter, Gmbh germany) operated with a 75µm capillary column. Thus, the whole tissue section was micro-spotted with enzyme following a regular raster of spots of ~300 µm size. Flow rate was after optimization set to 300 nL/s, and 300 nL of trypsin was applied each second at different spots covering the surface of tissue. The program was repeated several times to increase time of digestion. 300 nL HCCA matrix was then spotted on the same spots as for the enzyme using the same program. No ethanol washing tissue step was used between trypsin and HCCA in that case.
Mass Spectrometry
MALDI-MS
MALDI-TOF mass spectra were performed on a Voyager-DE STR mass spectrometer (Applied Biosystems, Framingham, MA, USA) with delayed extraction (DE) and a 337nm pulsed nitrogen laser operating at 3 Hz and 2 ns pulse width. Either HCCA, SA, or 2,4-DNPH were used at concentrations of 10 mg/mL, 20 mg/mL and 4 mg/mL respectively, in ACN/0.1% TFA:H 2 O (2:1, v/v). Matrices were applied onto the tissue using a micropipette (typically 20µL for a whole rat brain slice) and then dried at room temperature. External calibration was performed using a mixed solution of peptides (Bradykinin 1.6 µM, Substance P 
MALDI-Imaging
For MALDI-IMS of 6 months stored fixed and paraffin embedded tissues, imaging was performed on an Ultraflex II TOF-TOF (Bruker Daltonics, Bremen, DE). After dewaxing, images were obtained in positive linear mode using a mixture of HCCA and 2,4 DNPH (1:1, v/v). 30µL of the mix was applied onto the tissue using a micropipette and dried at room temperature. Acquisition was realized using a 337 nm, pulsed nitrogen laser, with a repetition rate of 50 Hz. For images reconstruction the FlexImaging v. 1.0.6.0 software (Bruker Daltonics, Bremen, DE) was used. For positive mode, 12 000 points covering the whole slice with 100 laser shots per position were scanned. From each position the software measures an average mass spectrum with its coordinates on the slice.
For MALDI-IMS of 2 years stored fixed and paraffin embedded tissues, imaging was performed on the voyager DE STR, using MALDI Imaging Tools (M. Stoeckli, Novartis, Switzerland) for image acquisition and reconstruction by screening 8000 points on the tissue section (30 shots averaged by position). Images were overlaid with the picture of the tissue slice before experiments using PaintShop Pro X software. 
MALDI-MS/MS
RESULTS
Formalin fixation is known to induce methylene bridges formation between free amine groups, especially between amino groups of the lysine lateral chains or the N-terminal of proteins. The fixation process has also been described to continue during conservation of the sample. Thus, direct analysis and MALDI imaging were used in the present study in relation to conservation time of the tissue samples using rat brain FFPE tissue blocks as models.
In a first approach, FFPE tissues that were fixed for over 24 hours and stored for less than one year were examined and compared to fresh frozen tissue samples in terms of spectra quality (i.e. signal intensity and resolution, signal to noise ratio and mass range) by direct MALDI analysis. Sinapinic acid (SA) and α-cyano 4-hydroxycinnamic acid (HCCA) matrices were both tested and results compared with those of frozen tissues. For both matrices, decreased signal intensity and number of peptides/proteins detected were observed in FFPE tissues. Loss of signal was especially important in the higher mass range and in particular using HCCA as matrix. The best results in terms of signal intensity and mass range were obtained using SA. A comparison of direct MALDI analysis of FFPE tissues vs frozen tissues ( Figure 1) with SA as the matrix shows that the same ions are observed on both mass spectra, although the signal intensity is slightly lower for FFPE tissues and the relative peak intensities differ. A most striking observation relies in the peak shape, where FFPE tissues present multiple overlapping peaks resulting in loss of resolution and difficulties in mass measurement, whereas frozen samples present classical single peak shapes and optimal resolution. Multiple peaks showed a repetition of +12 Da to the [M+H] + ion generally observed (e.g. m/z 5493.08 and m/z 5505.47). The formation of these multiple peaks is directly connected to the process of formalin fixation and has previously been described 26, 27 .
These adducts formation can be explained by a mechanism described by Metz et al 28 suggesting the formation of a Protein-N=CH2 compound (with ΔM=12). FFPE tissues can be examined using direct MALDI analysis but a decrease in signal intensity and resolution were observed. Protein cross-linking cannot be reversed resulting in observed difficulties. In addition, it is likely that non-reacted formalin molecules are also problematic for MALDI analysis.
Accordingly, we examined the possibility of neutralizing residual formalin molecules to improve the signal. In traditional analytical procedures, 2,4-DNPH was successfully used to detect the presence of ketones or aldehydes molecules in solution. Moreover, 2,4-DNPH was used as a MALDI matrix 29 by reacting with reactive function and especially free aldehydes.
Here, we show that 2,4-DNPH can be used as matrix for direct tissue analysis ( Figure 2 ).
Used on FFPE tissues, this matrix provides excellent results. A large in signal intensity is observed for the m/z range corresponding to peptides greater than 5000 kDa and peak of adducts corresponding to protein-N=CH2 ions are suppressed ( Figure 2 ). Adducts suppression allows for a much more precise m/z determination, and for peptide mass range MALDI direct analysis performances are similar to those of frozen tissues. Even though methylene bridges are very strong links, it is still likely that the 2,4-DNPH is able to neutralize aldehydes which have not reacted with NH 2 groups, resulting in increased signal of the unreacted species.
While 2,4-DNPH performs well on tissues, for higher masses, direct analysis remains difficult.
One of the major obstacles for the use of this matrix in MALDI imaging has been the crystallization pattern. 2,4-DNPH crystallizes in long needles that do not properly cover the entire surface of the tissue. However, a mixture of 2,4 DNPH with HCCA in equal proportion preserves the benefit of the DNPH i.e. neutralization of formalin, while HCCA gives the desired even crystallization across the tissue surface. This matrix mix was then used to perform MALDI imaging on FFPE rat brain tissue sections stored for 6-12 months. As shown in Figure 3 for reconstructed images from data recorded in the cerebellum, specific localization of peptides is observed as given in examples for m/z 1075, 1594, 2726 and 5163
ions.
For FFPE rat brain tissues stored over 1 year, it is impossible to obtain good signal by direct analysis of tissue after paraffin removal ( Figure 4 ). This phenomenon can be attributed to formalin reticulation which progresses with time, creating a particularly abundant protein network. For such tissues another analytical strategy must be developed. Considering that the methylene bond is a strong link, that is difficult to break without destroying the peptide backbone, we designed a biochemical approach using endopeptidase enzymatic digestion.
Recently, this approach was successfully applied for protein identification from formalin fixed tissues using LC/MS/MS [17] [18] [19] . However, to our knowledge, direct digestion on FFPE tissues for direct MALDI-MS analysis has never been tested. Whole tissue digestion was carried out by covering the entire section with enzyme solution. Numerous signals (> 300)
corresponding to digested peptides were observed, as presented in Figure 5 for a 15 min trypsin digestion. Interestingly, despite the fact that very low fragmentation yields are obtained (even on frozen sections), as previously described 30 , enzymatically digested peptides present the classical behaviour of peptides toward fragmentation. Metastable decay experiments performed on observed peptide ions with a MALDI-TOF/TOF directly on the tissue after digestion, enabled us to identify several proteins, as illustrated for the fragmentation study of a peptide at m/z 1372.68 that was identified to be the haemoglobin α-chain by data bank interrogation with an ion score of 18 fragments of MS/MS identified on 58 total fragments possible (mainly b and y fragments which is consistent with the experiments),
confirming that the peptides correspond to digested peptides within the tissue. Other proteins such as β tubulin were also identified in the same way.
Several parameters, such as, the buffer used, the concentration of the enzyme, the temperature and time of digestion were tested. Tris or bicarbonate buffers gave similar results.
In regards to temperature, digestion was preferably carried out at ambient temperature and no major difference was observed when compared with a digestion at 37°C, probably due to the strong concentration of enzyme used. Concerning the time of digestion, many signals were obtained with very short incubations (2 min) as well as longer ones (up to 3 hours) but depending upon the time of digestion, peptide profiles were very different, with much lower mass ions (or peptides) obtained for longer digestion time. These incubation times remain shorter than the traditional overnight digestions which could lead to signal saturation due to the abundance of detected peptides. In all cases, experiments were highly reproducible for identical incubation times and enzyme concentrations. Various enzymes were tested, mainly V8 protease, aspN and lys C endopeptidases. As expected, specific profiles were obtained depending upon the enzyme used ( Figure 6 ). Other fixation procedures were studied (e.g.
Bouin's protocol 25 ), and successfully analyzed after enzymatic digestion (data not shown). It is thus possible to obtain and detect peptides/proteins directly from fixed tissues, by MALDI direct analysis after enzymatic digestion with various types of enzyme regardless of the fixation process used.
The same in situ digestion experiments can be carried out on micro-areas (up to 1 mm)
by micro-depositing the enzyme solution on specific areas of the tissue using either a micro- (HES) staining were tested and compared to adjacent unstained tissue sections using direct MALDI analysis in the same regions after micro-spotting of the enzyme solutions. This procedure resulted in acceptable signal levels ( Figure 7 ). The detection of peptides is slightly lower than for untreated tissue, in the mass range of 1000-1500 and 1800 2300 u, but is basically the same as observed in unstained sections. This phenomenon has also been noted during the study of frozen tissues by Chaurand et al. 5 and for FFPE tissues, a correlation between time and coloration of the tissue leads to a considerable reduction of spectral quality.
Nevertheless, when traditional times of staining are used, very good signals, mainly equal to signals obtained from unstained sections, were observed for direct MALDI analysis after trypsic digestion.
In order to improve protein identification, extraction procedures after in situ digestion were tested. Various extraction procedures were examined (see These results provide access to archived tissues for proteomic studies using MALDI-MS direct analysis and imaging experiments for localization of a large number of compounds in a single experiment. and MALDI metastable decay spectrum resulting from the fragmentation of the m/z 1572.68 parent ion using MALDI-TOF/TOF instrument (each experiment were conducted 5 times).
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FIGURE 6:
Compared MALDI mass spectra in the linear positive mode of the direct analysis of a 2 years old FFPE rat brain tissue sections after in situ trypsin or V8-protease digestion using HCCA as matrix (each experiment were conducted 5 times).
FIGURE 7:
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